ABSTRACT Motivation: Low-complexity or cryptically simple sequences are widespread in protein sequences but their evolution and function are poorly understood. To date methods for the detection of low complexity in proteins have been directed towards the filtering of such regions prior to sequence homology searches but not to the analysis of the regions per se. However, many of these regions are encoded by non-repetitive DNA sequences and may therefore result from selection acting on protein structure and/or function. Results: We have developed a new tool, based on the SIMPLE algorithm, that facilitates the quantification of the amount of simple sequence in proteins and determines the type of short motifs that show clustering above a certain threshold. By modifying the sensitivity of the program simple sequence content can be studied at various levels, from highly organised tandem structures to complex combinations of repeats. We compare the relative amount of simplicity in different functional groups of yeast proteins and determine the level of clustering of the different amino acids in these proteins. Availability: The program is available on request or online at
INTRODUCTION
Genomes are rich in low-complexity DNA sequences, which are characterized by a strong compositional bias towards a particular nucleotide or towards repeats made up of a few nucleotides. These regions are often called simple sequences, a term that encompasses both regions with a tandem repeat organization and regions with a more loose, non-tandem, organisation of repeats, known as cryptically simple sequences (Tautz et al., 1986; Hancock, 1996) . Well-known structures of this sort in genomes * To whom correspondence should be addressed.
are microsatellites (Hancock, 1999) , telomeric regions (Biessmann and Mason, 1994) , CpG islands (Delgado et al., 1998; Antequera and Bird, 1999) and recombinational hotspots. Another type of simple sequence are expanded trinucleotide repeats, occurring within or in the vicinity of genes, and known to be associated with a number of neurodegenerative disorders (Reddy and Housman, 1997 ). An important mechanism for the generation and evolution of DNA repeats is slippage of short DNA motifs, a process that involves misalignment of the repeats during replication and subsequent gain or loss of one or a few repeats (Levinson and Gutman, 1987) .
In proteins it has been estimated that approximately 25% of residues occur in regions of low complexity (Wootton, 1994 ) and a recent study has shown that simple amino acid sequences are the most frequently occurring protein fragments in Saccharomyces cerevisiae (Golding, 1999) . In spite of their abundance, the distribution and possible function of simple sequences in proteins remains largely to be explored, except for long homopeptide regions. By searching for this latter type of sequence in protein databases it has been observed that they mostly consist of polar and charged residues (Green and Wang, 1994; Karlin and Burge, 1996; Albà et al., 1999a) . Further, it is found that they are not distributed evenly among different types of proteins but appear to be particularly abundant in certain protein classes, such as transcription factors, protein kinases and developmental proteins (Albà et al., 1999a; Karlin and Burge, 1996) .
Low complexity protein regions are found in nonglobular parts of proteins and in many cases their function may be reduced to the spacing of structural/functional domains (Wootton, 1994) . However many disordered and low-complexity sequences are known to be directly involved in function (Romero et al., 2001) , for example polyglutamine tracts may mediate protein-protein interactions (Perutz et al., 1994; Kazemi-Esfarjani et al., 1995) and arginine-rich regions are often involved in protein-RNA interactions (Smith et al., 2000) .
Low-complexity segments are often absent in close homologues (Albà et al., 1999b; Pizzi and Frontali, 2001; Nishizawa and Nishizawa, 1999) . This may indicate that these regions are dispensable but they may also constitute an important substrate for the evolution of new protein sequence. It has been proposed that repetitiveness could enhance the generation of certain protein domains that show a high amino acid composition bias (Nishizawa and Nishizawa, 1999) .
Repetitive regions within proteins sometimes correlate with repetitive regions in DNA sequences but such a correlation is not always observed. Recent studies of polyglutamine-encoding regions in a variety of genomes (Albà et al., 1999a (Albà et al., ,b, 2001 show that a large proportion are encoded by near-random mixtures of codons. In these cases, the protein sequences show tandem repetition but the underlying DNA sequences do not. Cryptically simple protein sequences could therefore occur without detectably high simplicity in the corresponding coding region due to the degeneracy of the genetic code. Cryptically simple protein sequences that are not encoded by repetitive DNA sequences are potentially of interest because their repetitiveness would be the result of selection on protein structure or function rather than the result of slippage-like mutational processes.
In the past, several algorithms have been developed to study different aspects of simple sequences. Typically these programs have been used to filter sequences prior to sequence similarity based searches, as compositionally biased regions may result in erroneous assignment of homology. A very popular program used for filtering is SEG (Wootton and Federhen, 1993) , which segments DNA or protein sequences into low and high complexity regions on the basis of the probability of different complexity state vectors for a sequence window. A different algorithm, CAST, has recently been described to detect and mask single residue types (Promponas et al., 2000) . Microsatellite-type regions in DNA can be detected by a program produced by Benson (1999) which searches for segments that align with perfect tandem repeats above a certain similarity threshold. A different approach was taken to measure the amount of cryptic simplicity in DNA sequences by Tautz et al. (1986) , who developed an algorithm, SIMPLE, to detect clustering of trinucleotides and tetranucleotides above random noise.
We have recently used this latter algorithm as a basis to develop SIMPLE 3.0, a versatile tool for the analysis of the amount and composition of simple sequences in nucleic acid or protein sequences. The program carries out three main types of analysis: (1) it estimates the amount of simple sequence content in a molecule; (2) it determines which short sequence motifs are significantly clustered; and (3) it finds the location of simple sequences with significantly clustered motifs in the sequence. The nucleic acid and protein modules of the program have been named N-SIMPLE and P-SIMPLE for clarity. Here we describe the results of applying P-SIMPLE to proteins encoded by the yeast (S. cerevisiae) genome and compare them with previous analyses of tandem amino acid repeats in this species (Albà et al., 1999a) .
System and Methods P-SIMPLE estimates the overall amount of simple sequence in a protein molecule using the algorithm developed by Tautz et al. (1986) and extended by Hancock and Armstrong (1994) . To make the rest of the paper easier to understand we will briefly review its basis. The procedure makes use of a fixed-length window that scans along the sequence to be investigated. A window is identified by the amino acid at its centre (see Figure 1 ). At each position in the sequence, the window is scanned for repetitions of the motif starting at the central amino acid and a Simplicity Score (SS) is awarded to that amino acid. In the case where only repetitions of the central amino acid are considered, the SS for each position along the sequence is SS = n × p, where n is the number of times the central amino acid is repeated within the window and p the points awarded to repeats of a single amino acid. By default n = 1 and p = 1 (Table 1) , but the scoring scheme used to generate SS may be modified to allow for searches for repetitions of motifs longer than one amino acid (up to a maximum length of four) and to award different points to motifs of different length. As the length of the window is fixed we take the central amino acid as the first amino acid of the motif. To generate the SS in the more general case we add the scores for repeats of different length. In this case SS = 4 l=1 (n l · p l ), where l is the length of the motif to be scored, n l the number of matches found to motif of length l and p l the number of points awarded for a match to a motif of the same length ( p l may be 0). Using this procedure, a simplicity score (SS) is assigned to each position within the sequence. The average SS over all positions in the sequence is then calculated and divided by the average SS in a set of randomly generated sequences (default number 100) of the same length and composition as the test sequence. This ratio is defined as the relative simplicity factor (RSF). A RSF greater than 1 indicates significant overall simple sequence content in the sequence. Confidence limits for RSF>1 are estimated from the variance in SS observed in the random sequences. This approach is particularly valuable because no a priori assumptions about the composition of sequences need to be made and the program can quickly detect clustering of short motifs without the need to use computationally expensive calculations.
The length of the repeated motif being searched for, scoring scheme, number of random sequences and sequence window length can be modified by the user ( Table 1 ). In the default setting random sequences are generated by shuffling the elements in the sequence (instead of using their frequency as in SIMPLE34; Hancock and Armstrong, 1994) . This is particularly appropriate for short sequences.
The above procedure measures the overall level of repetitiveness of a sequence. The program also detects repeated motifs that occur with significantly high frequency (known as significantly repetitive motifs, SRMs). These can be identified on the basis of unusually large SSs associated with given positions along the sequence. Because of the nature of the scoring scheme, the frequency distribution of SSs in the random sequences may not be smooth. An estimate of the significance (S) of any given SS is obtained by comparing the frequency distributions of SSs in the test and random sequences (Hancock and Armstrong, 1994) . S is calculated as S = 1 − f e/ f o, where f e is the expected frequency of a given SS, corresponding to the mean observed frequency in the randomised sequences and f o is the observed frequency in the test sequence. The default significance threshold, which determines which positions have significantly repetitive motifs, SRMs, is 0.9. This corresponds to motifs having an SS occurring at least ten times as often in the test sequence as in the (averaged) random sequences. The threshold value can be altered, if required. The positions of SRMs are stored and can be used to identify regions with a high content of simple sequence.
By using different parameter settings the simple sequence content can be studied at various levels. Consider for example the Drosophila melanogaster TATA-binding protein (Hoey et al., 1990; GenBank gi:135636) and the human splicing factor Arg/Ser-rich 6 (Screaton et al., 1995; GenBank gi:11225262) . The first protein includes Table 1 ) both show significant simplicity, although the TATA-binding protein (TBP) shows a higher RSF (1.69) than the splicing factor protein (1.31). However, when only dipeptides are scored (0,1,0,0) the relative simplicity ratios are inverted and the splicing factor protein shows a higher RSF than TBP (5.92 versus 4.35). Differences between the two proteins are accentuated if we increase the window size from 10 (default) to 40. In this case the RSF of the splicing protein is 4.46 and that of the TATA-binding protein 2.07, reflecting the fact that in the first case the simple sequence extends over a longer region (see Hancock, 1993 , for an analysis of repetition in TBP genes at the DNA level). Manipulation of the scoring system therefore can be useful to highlight different aspects of the nature of the repeat motifs.
IMPLEMENTATION
The program, written in C++, is easily portable to different platforms and executable versions exist for PC and Unix systems. A web interface and a manual are available at http://www.biochem.ucl.ac.uk/bsm/SIMPLE. The parameters (Table 1) are entered through a menu or by completing an HTML form. Input files can be in different formats (GenBank, EMBL, Swissprot, Fasta) . By default two output files are generated: the first, named after the input file name with the extension .S1, contains information on the parameters, the composition of the sequence, the relative simplicity factor and confidence limits; the second, with extension .S2, contains the significantly repeated motifs in order of appearance in the sequence, the sequence segments where they are located, and the total amount of motifs of different composition. Optionally, one can also get a list of simplicity scores per position, which can be easily visualized by a standard package such as Excel (Microsoft). Running time on a Pentium II PC with default parameters is typically of the order of a few seconds.
RESULTS
We have used P-SIMPLE to explore the simple sequence content of all known and predicted proteins of S. cerevisiae, extracted from the Yeast Proteome Database (Hodges et al., 1999) . The same dataset was used in a previous analysis focused on homopeptide regions (Albà et al., 1999a) . We present the results of the analysis using default parameters (Table 1) . The total number of yeast proteins that contain simple sequences, as determined by a relative simplicity factor significantly greater than 1 (see above), is 4475, which represents about 71% of the proteins studied (6279). When we consider proteins from different functional groups, as classified in the Yeast Proteome Database, important differences are observed between groups (Table 2) . Six classes contain 90% or more proteins showing significant cryptic simplicity. These are: permeases (79 out of 82), proteins from the major facilitator superfamily (98 out of 102), GTPase activating proteins (18 out of 19), repressors (ten out of 11), transcription factors (233 out of 258) and serine-rich proteins (nine out of ten). At the other extreme, in four classes fewer than half of the proteins showed significant cryptic simplicity: oxidoreductases, other (nonprotein) phosphatases, lyases and tRNA synthetases. In yeast proteins the significantly repetitive residues (SRRs, or SRMs of length 1) are mostly polar or charged amino acids (Table 3 ). In particular, serine is the most frequently repeated amino acid, occurring in simple sequences in 552 proteins, approximately 8.8% of the total. The next most frequently repeated residue is glutamic acid, in about 4.2% of the proteins, followed by aspartic acid and lysine (3.8%), asparagine (3.5%), glutamine (3.4%), alanine (2.8%), leucine (2.4%) and threonine (1.6%).
Moderately repeated amino acids that form significant repeat clusters in fewer than 100 proteins are glycine, proline, phenylalanine, arginine, isoleucine, histidine and valine. This group contains relatively more hydrophobic residues than the first group (four out of seven compared to two out of nine). Finally four amino acids are very rarely or never found repeated: cysteine (presumably for conformational reasons), tyrosine, methionine and tryptophan. These results are similar to our previous survey of yeast homopeptides of size 6 (Albà et al., 1999a) although the present study, which includes regions with cryptic (non-tandem) simplicity, identifies ten times as many proteins as our previous study (4475 versus 444). In the survey limited to homopeptides, glutamine and asparagine appeared more often in repeats than glutamic acid, aspartic acid and lysine, and many other residues associated with cryptic simplicity in the moderately abundant group (Table 3) did not form a significant number of long homopeptides.
The ratio between the total number of significant repetitive residues and the occurrence of at least one significant repetitive residue per protein indicates the tendency of the amino acid to form long clusters or multiple clusters in one protein. The ratio is markedly different for the various amino acids (Table 3 ). The highest value is seen for glutamine, with an average of 12 SRRs per protein, and asparagine, with 7.8. Homopeptides ( 10 residues) of these amino acids are also the most common in yeast proteins and also occur more frequently several times in a protein (Albà et al., 1999a) .
A significant overrepresentation of cryptically repeated amino acids is seen in some of the functional groups (with respect to the expected frequency; p < 0.05, correcting for multiple tests) in this analysis (Table 4) : glutamic acid repeats are overrepresented in DNA-binding proteins, lysine in helicases, serine in oxidoreductases, isoleucine in permeases, serine and glutamine in protein kinases and glutamine, asparagine and serine in transcription factors. The associations involving glutamine and asparagine were also detected in the survey of yeast homopeptides (Albà et al., 1999a) .
DISCUSSION AND CONCLUSIONS
Simple sequences are extremely common in biological sequences, from non-coding 'junk' DNA to protein sequences, and form the basis of many forms of local compositional bias. In spite of this, there is a scarcity of software to attempt any analysis of these regions, which often occur as highly cryptic (non-tandem) repeats. Albà et al. 1999a ).
For this reason we have developed a new user-friendly program, aimed at the investigation of their relative abundance, location and repeat composition in biological sequences. The program can work at different stringency levels and favour detection of particular repeat lengths by modifying the scoring parameters. The current implementation of SIMPLE allows the analysis and crosscomparison of global properties of simple sequences and the identification of cryptic regions in protein, as well as in nucleic acid, sequences.
As an example of the application of the program we have used it to investigate the simple sequence content and amino acid clustering in all identified proteins from baker's yeast (S. cerevisiae), and compared some of the results with a previous search for long homopeptides in this same organism. The majority of the proteins, 71%, contain cryptically simple sequences. This percentage is higher than the 52.8% of yeast proteins from chromosome II estimated to contain low-complexity segments by the SEG algorithm as performed by Pizzi and Frontali (2001) , presumably reflecting both the different algorithms used and the fact that RSF reflects global rather than local repetition in a sequence. Not surprisingly, our estimate of proteins containing cryptic simplicity is also much higher than the 7.6% of proteins that contain long tandem amino acid repeats (Albà et al., 1999a) . Cryptic repetition in protein sequences is therefore distinct from and more common than pure amino acid repetition, although tandem repetition will contribute to simplicity scores.
The amount and composition of the repeats identified in these proteins by P-SIMPLE are similar but not identical to those of homopeptides, despite their higher frequency. The five amino acids most common in cryptically repetitive protein sequences were the same as those most common in amino acid homopeptides, although serine was relatively more common in cryptically simple regions than in homopeptides. However, proline and histidine, which are common in homopeptide sequences, were relatively rarer in cryptically simple regions. The significantly repetitive residues identified in this study are in general agreement with those detected as more recurrent in close vicinity in yeast proteins by Nishizawa and Nishizawa (1999) .
As seen for homopeptide regions, some cryptic amino acid repeats vary substantially in frequency between different functional groups. The results on cryptically simple regions suggest a number of novel associations not seen for homopeptides, suggesting that cryptically simple motifs may be useful indicators of protein function. Although it is not within the scope of this paper to exhaustively analyse these results, the associations found point to a differential role of amino acid simple sequences in the evolution and function of different types of proteins. Further detailed analysis of the significant motifs and their location in the yeast proteins, as well as the repeat content in proteins from other organisms, should help elucidate these questions.
